Rapidly growing mycobacteria colonize metalworking fluids, leading to contamination of occupational environments and exposure-related respiratory illnesses in machine workers. Lately, it has been emphasized that these fluids are colonizable by a single genotype of a rapidly growing mycobacterium species, Mycobacterium immunogenum. Here, we report on the genotypic diversity of mycobacteria in these fluids, including isolation and characterization of multiple novel genotypes of two distinct species, Mycobacterium chelonae and M. immunogenum. Using agar culturing and Mycobacterium-specific PCR, 13 mycobacterial isolates were recovered from 100 geographically diverse in-use metalworking fluid samples. Based on restriction fragment length polymorphism of PCR products, DNA sequencing (hsp65 gene segment), and phylogenetic analysis of 16S-23S rDNA internal transcribed spacer (ITS) sequences, six isolates were identified as M. immunogenum and seven as M. chelonae; an additional isolate from metalworking fluid diluent water was identified as M. diernhoferi. Genomic DNA macro-restriction fragment pattern analysis, using pulsed-field gel electrophoresis with XbaI and SpeI restriction digestions, showed intraspecies variation among the isolates of M. immunogenum and M. chelonae. Visual and computer-assisted dendrogram analysis of the XbaI macro-restriction patterns revealed three novel genotypes of M. immunogenum and two of M. chelonae, whereas SpeI macro-restriction patterns revealed only two genotypes for each isolate. None of the identified genotypes matched the reportedly dominant one of M. immunogenum from metalworking fluids. Both mycobacterial species are prevalent in metalworking fluids and there is a considerable strain-level genetic diversity within them.
Introduction
Metalworking fluids (MWF) are used in machine industries for cooling, metal removal and lubrication during metalworking processes such as drilling, grinding and cutting. The existing practice of repeated use and recirculation of the modern MWF with complex composition (organic and inorganic salts, hydrocarbons, or-ganic esters and lubricating fluids) and neutrality to alkaline pH allows the establishment of a rich microbial diversity in these fluids. A recent NIOSH report estimated that over one million US machine workers are annually exposed to these fluids in the occupational environments [1] . Machine workers involved in the metalworking operations, being constantly in contact with these fluids and their aerosols, experience various health problems due to inhalation of microbial agents and their products (antigens and toxins) [2] . Rapidly growing nontuberculous mycobacteria (NTM), particularly 0168 members of the Mycobacterium chelonae complex (MCC) that are resistant to common biocides in MWF [3] , have lately been implicated in MWF-associated respiratory illnesses such as hypersensitivity pneumonitis (HP) and asthma in the exposed workers [4] [5] [6] [7] .
In 1993, Muilenberg and coworkers [4] first reported mycobacteria in MWF and tentatively identified them as representatives of Mycobacterium chelonae -Mycobacterium abscessus group (now called M. chelonae complex), based on conventional phenotypic methods. Several subsequent studies reporting the presence of mycobacteria in MWF indicated the presence of a species resembling the M. chelonae complex without definitive speciation. A recent molecular analysis of bacterial isolates from these fluids led to the identification of a new species of Mycobacterium that was named as Mycobacterium immunogenum [8] . Further analysis of several isolates from MWF samples reported predominance of a single genotype of this species in the MWF, leading to the assumption that only this species (the identified genotype) is capable of colonizing these fluids [9] . However, considering the microbial diversity in these fluids, we hypothesized that mycobacteria other than M. immunogenum may have the ability to colonize them and therefore, the study was undertaken to systematically investigate their mycobacterial diversity. Specifically, the experiments were designed to identify both the species and the strain diversity among isolates culturable from MWF collected from different geographical sources over a period of two years. Many metalworking fluids were directly screened (without culturing) for the presence of mycobacteria, using our recently developed Mycobacterium-specific PCR protocols meant for MWF matrix [10, 11] . The mycobacterial isolates from MWF were then analyzed by a combination of molecular techniques, including PCR and restriction fragment length polymorphism (RFLP), amplicon sequencing and genomic DNA macro-restriction fragment pattern analysis (MRFPA) using pulsed-field gel electrophoresis (PFGE). It is significant that two different species (M. immunogenum and M. chelonae) and multiple genotypes of each of these species were identified from MWF fluids, in contrast to the existing understanding that a single genotype of M. immunogenum predominantly colonizes these fluids.
Materials and methods

Mycobacterial isolates and culture conditions
A total of 100 different metalworking fluid (MWF) samples (250 ml each) and a sample of diluent water (250 ml) used for MWF dilution, collected from different plants located in different geographic regions of the country over a period of two years, was screened (20 ml aliquots), using our previously optimized Mycobacterium-specific PCR protocols [10, 11] . The mycobacterial PCR positive samples were spread on M7H10 agar (MBA) containing 10% (vol/vol) oleic acid-albumindextrose-catalase (OADC) enrichment (BD Biosciences, Sparks, MD), using incubation at 35, 37 and 45°C for up to 10 days. Representative colonies from the pool of putative mycobacterial colonies obtained on 35/ 37°C plates were selected based on their colony morphology, growth behavior (temperature and rate of growth) and acid-fast staining reactions, and further confirmed by molecular techniques optimized in our recent studies [10] . In addition to the MWF isolates, three Mycobacterium reference species (originally isolated from both clinical and environmental sources), Mycobacterium immunogenum (ATCC 700506), M. chelonae (ATCC 35752 T ), and M. abscessus (ATCC 19977 T ), were included for comparison.
DNA extraction from mycobacteria
Mycobacterial strains used in this study were grown in M7H9 broth, containing 10% (vol/vol) OADC enrichment at 37°C, and one ml of each culture was centrifuged at 10,000 rpm for 1 min to obtain the cell pellet. Two different DNA extraction protocols were used, Bactozol-mediated lysis [11] and direct cell-lysis, using a regime of chemicals and heating [12] .
Mycobacterium-specific PCR targeting hsp65 gene or 16S-23S rDNA internal transcribed spacer region
Putative isolates from M7H10 agar plates were further identified using a combination of Mycobacteriumspecific PCRs, based on the hsp65 gene and the 16S-23S ITS region. The amplification of the hsp65 gene for a 441-bp fragment was carried out using the primer pair as described by Telenti et al. [13] . The following new primer pair was designed and used for amplification of the 16S-23S rRNA internal transcribed spacer (ITS) region: ITS-forward (5 0 -CCT TTC TAA GGA GCA CC-3 0 ) and ITS-reverse (5 0 -GAT GCT CGC AAC CAC TAT CC-3 0 ). The PCR reactions were performed using GeneAmp PCR system 9700 (Applied Biosystems, Foster City, CA), based on a 50 ll reaction mixture containing 50 ng of template DNA, 2.5 units of PfuUltra high-fidelity DNA polymerase (Stratagene, La Jolla, CA), 1· PfuUltra reaction buffer with MgCl 2 , 200 lM of each of the four dNTPs (Panvera, Madison, WI) and 100 ng each of the forward and reverse primers. The hsp65 gene-based amplification regime included 30 cycles, each cycle using 94°C for 45 s, 57°C for 45 s and 72°C for 45 s, whereas the ITS amplification regime included 30 cycles, each cycle using 94°C for 30 s, 50°C for 30 s and 72°C for 30 s followed by 5 min incubation at 72°C. The PCR products (10 ll each) were examined by electrophoresis as described previously [10] .
Restriction fragment length polymorphism analysis of hsp65 gene amplicon
The RFLP patterns of the 441 bp hsp65 amplicon were generated using the restriction enzymes HaeIII, BsaHI and HinfI (New England Biolabs, Beverly, MA) as previously described [13, 14] .
Amplicon sequencing
PCR amplicons of the hsp65 (667 bp) gene and the ITS (258 bp) region for all 14 mycobacterial isolates, purified by Geneclean II kit (Bio 101 Systems, Vista, CA), were sequenced in both directions (forward and reverse), using the UniversityÕs DNA core facility. The consensus sequences generated for the isolates were compared with the corresponding consensus sequences for the MCC reference strains (determined in the study), based on multiple alignment using MegAlign, 1997-2001 program (DNA-STAR Inc., Madison, WI). A phylogenetic tree was constructed based on the DNA sequences of the ITS region, using the neighbor-joining method with KimuraÕs twoparameter (K2P) distance correction model with 1000 bootstrap replications (MEGA version 2.1).
Genotyping using genomic DNA macro-restriction fragment pattern analysis
Pulsed-field gel electrophoresis (PFGE) was used to determine genomic DNA fingerprints of each of the mycobacterial isolates, using XbaI and SpeI restriction enzymes. The preparation and digestion of the intact genomic DNA and its gel separation by PFGE was carried out according to method described by Wallace et al. [9] . The MRFPA results were interpreted according to the criteria of Tenover et al. [15] , by visual comparison of the bands between 23.1 and 194.0 kb numbers. The overall interpretation of the restriction patterns was based on both the visual analysis and a dendrogram analysis using the computer program GelCompar 4.0 (Applied Maths BVBA, Kortrijk, Belgium).
Nucleotide sequence accession numbers
The partial heat shock protein (hsp65) gene sequences of the 14 mycobacterial isolates determined in this study have been deposited in the GenBank database under accession numbers AY520547 to AY520558 and AY6-15710 to AY615711. The ITS sequences have been deposited under GenBank accession numbers AY5198-59 to AY519870 and AY615708 to AY675709, respectively. The partial hsp65 gene and ITS sequences of the reference strains of M. immunogenum, M. chelonae and M. abscessus were deposited under GenBank accession numbers AY498741 to AY498743, AY497531 and AY498739 to AY498740, respectively.
Results
Genus-level identification of the putative isolates
Using Mycobacterium-specific, direct PCR-based screening of MWF for the detection of mycobacteria and their cultural isolation, 101 samples (100 MWF and one MWF diluent water) were screened, of which 46 showed positive signals for mycobacteria. Only 14 of the 46 samples yielded a mycobacterial isolate each on M7H10 agar. Thirteen of the isolates originated from MWF and the remaining one from MWF diluent water.
PCR restriction analysis of mycobacterial field isolates
Mycobacterium-specific hsp65 PCR yielded the expected amplicons of the same apparent size (441 bp) for all 14 isolates (data not shown). Restriction patterns of the 441 bp amplicons, generated using each of the three restriction enzymes HaeIII, BsaHI and HinfI ( Fig. 1A and B ), were similar to earlier observations [14] . However, M-JY11 exhibited a restriction pattern different from that of the other M. chelonae isolates by the presence of 300 bp instead of 260 bp size fragment and the absence of 80 bp fragment. In contrast, the water isolate (M-JY5) yielded three restriction patterns different from those of all MCC species ( Fig. 1A and B ).
(i) Amplicon sequence comparison for the hsp65 gene. The hsp65 sequence comparison of the seven M. chelonae isolates showed two strains, one including the isolates M-JY1, M-JY2, M-JY6, M-JY7, M-JY8 and M-JY9, whereas the other including the isolate M-JY11; the latter had merely one base difference from the remaining six isolates ( Fig. 2 ; Table 1 ). On the other hand, the six M. immunogenum isolates (M-JY3, M-JY4, M-JY10, M-JY12, M-JY13 and M-JY14) showed an identical hsp65 sequence, indicating one common strain ( Fig. 2 ; Table 1 ). Amplicon sequence of the water isolate M-JY5 showed significant base differences from the 13 MWF isolates and the strain was identified as M. diernhoferi, based on Blast homology search in the gene database.
(ii) ITS-based phylogenetic analysis. A phylogenetic tree based on ITS sequences (up to 258 bp in length) was generated for the three MCC reference strains and the 14 MWF isolates (Fig. 3) . Collectively, based on PCR-RFLP analysis of the hsp65 segment (441 bp) and on phylogenetic analysis of the ITS region, seven of the 13 MWF isolates were confirmed as M. chelonae, and the remaining six as M. immunogenum, while the isolate from MWF diluent water was identified as M. diernhoferi.
Strain differentiation of the MCC isolates by macrorestriction fragment pattern analysis using PFGE
The 14 isolates were further investigated for intraspecies variation using PFGE. Digestion with XbaI and SpeI restriction enzymes produced 10-18 readable and distinctive MRFPA bands for the different isolates. The MRFPA results were interpreted according to the criteria of Tenover et al. [15] by visual comparison of the number and similarity of bands. The estimated genome size of the isolates was approximately 4.0 MB, consistent with the previous observations on genome size of clinical NTM isolates [16] . Bands between 23.1 and 194.0 kb were used for visual comparison. 4A, lane 10) distinctly different from those of the clone 1 isolates, but identical to that of the M. chelonae reference strain (Table 1) . On the other hand, the six M. immunogenum isolates belonged to three different clones; clone 1 included M-JY3 and M-JY4, clone 2 included M-JY10 and M-JY12 and clone 3 included M-JY13 and M-JY14 (Table 1) , each clone represented by isolates with identical MRFPA patterns (Fig. 4A ). Interest-ingly, none of these clones showed similarity to the M. immunogenum reference strain previously characterized from MWF [9] . The M. diernhoferi water isolate M-JY5 represented a unique clone, with its MRFPA pattern non-identical to those of all thirteen MWF isolates and to the reference strains. In order to determine and compare the degree of similarity among the seven different XbaI MRFPA patterns, the patterns representing individual species (M. chelonae, M. immunogenum and M. diernhoferi) were examined by dendrogram analysis (Fig. 4B ). An overall 38% pattern similarity was observed between both species and among strains of M. chelonae and M. immunogenum.
(ii) SpeI MRFPA patterns. Based on the SpeI MRFPA patterns, five of the seven M. chelonae isolates, including M-JY1, M-JY2, M-JY7, M-JY8 and M-JY9, belonged to one identical clone (genotype). In addition, M-JY6 was also grouped under clone 1 according to the criteria of Tenover et al. [15] , as it differed only by the absence of two bands compared to the other member isolates (Fig. 5A ). M-JY11, which indicated a different MRFPA pattern, was grouped under clone 2. Interestingly, neither of these clones revealed similarity to M. chelonae reference strain. The six M. immunogenum iso-lates also belonged to two different clones (genotypes). Clone 1 included M-JY4, M-JY10, M-JY12, M-JY13 and M-JY14 with an identical MRFPA pattern and clone 2 solely included M-JY3, with a different MRFPA pattern (Fig. 5A) . The M. diernhoferi water isolate M-JY5 represented a unique clone with its MRFPA pattern (Fig. 5A, lane 5) , non-identical to those of all 13 MWF isolates and to the MCC reference strains. On comparison of the degree of similarity of SpeI MRFPA patterns by dendrogram analysis, an overall 30% pattern similarity was observed between species as well as among strains of M. chelonae and M. immunogenum (Fig. 5B) , indicating a high degree of genetic diversity among isolates collected from various regions.
The dendrogram results from both the XbaI and SpeI MRFPA patterns confirmed the identical and non-identical genotypes and further showed a high degree of genetic diversity among the isolated species as well as strains representing the isolates originating from MWF samples drawn from various geographic regions.
Discussion
Species diversity in metalworking fluids
The current opinion on colonization of metalworking fluids by mycobacteria is biased towards M. immunogenum [9] . However, our study has shown a species diversity for mycobacteria colonizing MWF; two distinct MCC species, M. chelonae and M. immunogenum, were isolated from different MWF samples drawn from geographically distributed plants in the US. Of a total of 13 isolates recovered from 100 in-use MWF samples, 54% represented M. chelonae and 46% represented M. immunogenum.
Efforts on speciation of closely related mycobacterial isolates have relied on the use of amplicon sequencing and/or PCR-RFLP approaches. Initial reports on differentiation of NTM species by molecular biological methods relied on 16S rRNA gene sequencing [18] . However, due to fewer base pair differences among the MCC species, this gene could not be reliably used for differentiation purposes [14] . In subsequent studies on mycobacteria, the gene encoding heat shock protein (hsp65) and the 16S-23S ITS region have been considered as appropriate sequencing targets because of their hypervariability among mycobacterial species [13, 17] . PCR-RFLP of Mycobacterium-specific PCR products based on these two targets (hsp65 and ITS) has shown promise in yielding species-specific DNA patterns [13, 17] . According to the results in this study, PCR-RFLP based on the hsp65 gene (441 bp) successfully identified the 13 MWF isolates by yielding typical restriction patterns similar to those of M. chelonae and M. immunogenum reference strains. However, isolate M-JY11, putatively identified as M. chelonae based on the hsp65 gene-based PCR-RFLP (HaeIII and HinfI) and ITS-amplicon sequencing, showed intraspecies variation based on Bsa-HI restriction pattern. This emphasizes the importance of the collective use of both the amplicon sequencing and the PCR-RFLP using multiple enzymes, for proper speciation of MCC isolates.
Strain diversity in mycobacterial species isolated from MWF as evidenced by genotypic variation
The sequencing of the amplicons based on a hypervariable region of the hsp65 gene revealed only a fewer base differences among the isolates, indicating a limited usefulness of amplicon sequencing for strain differentiation in MWF mycobacteria. This necessitated the use of a genome-level fingerprinting approach, which is believed to reveal the overall genetic heterogeneity among mycobacterial isolates and to help in strain differentiation. Genomic DNA fingerprinting using pulsed-field gel electrophoresis (PFGE) has been proved a functional and important technique for studying epidemiological relationship of environmental mycobacteria [18, 19] . In view of the fact that M. chelonae and M. immunogenum are closely related, we applied macro-restriction fragment pattern analysis (MRFPA) on these isolates using XbaI and SpeI restriction enzymes in PFGE to further distinguish both isolates at the strain-level. A combination of the visual MRFPA patterns and their dendrogram analysis was used to interpret genetic diversity among the clinical isolates of various species of mycobacteria [19] [20] [21] . The diverse MRFPA patterns obtained for the isolates in our study, combined with a dendrogram analysis, demonstrate that there is a considerable genetic polymorphism (strain diversity) in these two species (M. chelonae and M. immunogenum) prevalent in MWF. Based on this analysis, five novel genotypes, 2 for M. chelonae and 3 for M. immunogenum, were revealed. These results are in contrast with the earlier report [9] that emphasized the prevalence of a single genotype of M. immunogenum in these fluids. Consistent with our observations on MWF, a high genetic variability among M. chelonae isolates obtained from other environmental (soil and water) and clinical sources from a common geographical area has been reported [16] . Our future efforts will focus on understanding the clini-cal as well as industrial hygiene significance of the observed genetic polymorphisms among the strains of M. immunogenum and M. chelonae prevalent in metalworking fluids.
